Groups of mice were immunized intraperitoneally with HEp-2 lysate or respiratory syncytial virus (RSV)-infected HEp-2 cells with or without adjuvant(s). The animals were subsequently challenged intranasally (i.n.) with RSV and/or HEp-2 lysate and studied for RSV shedding in the lung, antigen-specific antibody response and pulmonary histopathology. A significant decrease in virus shedding was detected in each of four groups of animals immunized with a virus preparation and in two of four groups that received a HEp-2 lysate. Mice immunized with adjuvant(s) developed higher antibody-specific responses. All vaccinated animals developed pulmonary histopathology only on subsequent i.n. inoculation with RSV and/or HEp-2 tysate.
INTRODUCTION
Respiratory syncytial virus (RSV) is the major pathogen responsible for bronchiolitis and other forms of acute lower respiratory tract illnesses in infants and young children (Henderson et al., 1979a; Monto et al., 1975) . Considerable information about the pathogenesis and natural history of RSV disease has been collated (Hall et al., 1976 (Hall et al., , 1984 Henderson et al., 1979b; Welliver et al., 1979 Welliver et al., , 1980 . In addition, purification of the virion, analysis of the viral proteins and characterization of the genome have been accomplished (Fernie et al., 1982; Huang & Wertz, 1982; Lambert & Pons, 1983; Ueba, 1978; Walsh & Hruska, 1983) . In spite of the available knowledge, the development of a vaccine that is both safe and efficacious in the prevention of RSV infection has not been realized.
In the early 1960s, field trials performed with a formalin-inactivated RSV vaccine were remarkable in that subjects inoculated parenterally with the vaccine developed more severe pulmonary disease on subsequent natural exposure to the wild virus than immunized controls (Fulginiti et al., 1968; Kim et al., 1968) . This paradoxical phenomenon of vaccine-induced disease had not been investigated extensively, because an animal model susceptible to pulmonary infection by RSV had not been defined. Recently, Prince and colleagues duplicated a similar phenomenon in cotton rats (Prince et al., 1985) . They observed that parenteral immunization with a formalin-inactivated RSV vaccine was characterized by antibody directed P. A. PIEDRA AND OTHERS to the F and G glycoproteins, low to absent serum neutralizing activity, significant reduction in pulmonary virus shedding and enhanced pulmonary histopathology following exposure to infectious RSV (Price et al., 1985) . Enhancement of lung pathology has also been observed in mice vaccinated with vaccinia virus recombinants expressing G, F or N protein, and subsequently challenged with RSV (Stott et al., 1987) . The lung pathology described consisted primarily of peribronchiolar and perivascular infiltrates composed of polymorphonuclear cells and lymphocytes.
The present study was undertaken to determine whether tissue culture components, adjuvants or other contaminants present in tissue culture-grown RSV preparations were capable of sensitizing the host to the development of pulmonary pathology following intranasal (i.n.) inoculation with RSV. The BALB/c mouse, a genetically defined animal permissive to pulmonary replication of RSV (Prince et al., 1979; Taylor et al., 1984a, b) , was used to conduct these investigations.
METHODS
Animals. RSV-seronegative male BALB/c cRos mice (West Seneca Laboratory, West Seneca, N.Y., U.S.A.) age 7 to 10 weeks were used. The animals were housed in standard mouse cages at the animal facility of the Children's Hospital and were fed rat feed and water ad libitum. Animals infected with RSV were segregated and maintained in separate rooms.
HEp-2 lysate. Monolayers of HEp-2 cells were maintaned with Eagle's MEM supplemented with 2~ foetal calf serum, glutamine and antibiotics. The HEp-2 cell monolayer was disrupted with sterile glass beads and the resulting cell suspension was then sonicated, clarified by low speed centrifugation, snap-frozen and stored at -70 °C. The protein concentration of the HEp-2 lysate was 1.7 mg/ml.
Virus stock. The Long strain of RSV was prepared in HEp-2 cell monolayers as previously described (Scott et al., 1978) . The supernatant, containing 1 × 107 p.f.u./ml of virus, was divided into aliquots, snap-frozen and stored at -70 °C. The protein concentration of the virus preparation was 2.3 mg/ml.
Purification of RSV. Semi-purified RSV (P-RSV) was prepared with a discontinuous sucrose-Tris buffer gradient (Ueba, 1978) . The virus band observed at the 35 to 45 ~ sucrose interphase was collected, divided into aliquots, snap-frozen and stored at -70 °C.
Preparation of vaccines. All virus vaccine preparations contained 1 x 106 p.f.u. (230 ~tg of protein) of live virion. In addition, some virus vaccine preparations contained 10 mg of AI(OH)3 (Wyeth, Philadelphia, Pa., U.S.A.) or 109 heat-killed Bordetellapertussis cells (kindly provided by J. R. Mitchell, Department of Public Health, Lansing, Mich., U.S.A.) or 10 mg of AI(OH) 3 and 109 heat-killed B. pertussis cells. A 10-fold reduction in virus viability was noted in the vaccine preparations that contained adjuvants. The virus-flee vaccine preparations each contained 170 ~tg protein of uninfected HEp-2 cell lysate and were prepared similarly to the virus vaccine preparations described above.
Experimental design. Groups of five animals were immunized with the virus or virus-free tissue culture vaccine. All animals were immunized intraperitoneally (i.p.) at 8 and 11 weeks of age. Pooled serum samples diluted fivefold in phosphate-buffered saline (PBS) were collected from each group at intervals of 1 week after the second i.p. dose and stored at -70 °C. During week 16, one animal from each group was sacrificed by CO2 asphyxiation and its left lung was fixed with 10~ buffered formalin. The remaining mice were challenged with 50 gl RSV (5 x 105 p.f.u.) and sacrificed 4 or 6 days later. After the animals were sacrificed, the left lung was fixed with 10~ buffered formalin and the right lung was freshly processed for virus quantification. In addition, groups of five animals immunized with virus-free vaccine preparations according to the above protocol were challenged with 50 vtl (85 ~tg) HEp-2 lysate. The left lung from each mouse was studied for histopathology.
Antibody quantification. RSV and HEp-2 IgG antibody activities were assayed by an ELISA method employing microtitre plates coated with P-RSV (0-7 ~tg/well) or HEp-2 (0.7 ~tg/well) antigens (Welliver et at., 1985) . Peroxidase-conjugated, afffinity-purified goat anti-mouse IgG (Cooper Biomedical, Malvern, Pa., U.S.A.) was the enzyme-labelled antiglobulin, o-Phenylenediamine dihydrochloride (Sigma), the substrate used for colour development, was quenched with 1 M-H2SO, after 20 min incubation in the dark at room temperature. The ELISA titre was the highest dilution that gave an absorbance value greater than three times the standard deviation of preimmune sera. The ELISA titre was expressed in ELISA units (,4 of ELISA titre x I/ELISA titre).
Virus quantification. The right lung from each mouse was homogenized in MEM containing 2~ foetal calf serum (FCS) to form a 10~ suspension. The homogenate was centrifuged at 500 g for 30 min at 4 °C, passed through a 0.45 ~tm Millipore filter, snap-frozen and stored at -70 °C. The plaque assay as previously described (Wong et al., 1985) was used to quantify virus viability from the right lung of each animal. The results were expressed in p.f.u./g of lung tissue.
Histopathology. Sections of lung were stained with haematoxylin and eosin (H & E) and periodic acid-Schiff (PAS). PAS-stained lung sections were useful in distinguishing collapsed from diseased parenchyma and therefore PAS-stained lung sections were used to grade the inflammatory response in the lung. All the slides were examined by the collaborating pathologist (G. Camussi), who was unaware of the study design. The pulmonary histopathology was scored by assigning a grade ranging from 0 (absent) to 3 (severe) to each of the following features: (i) inflammation around vessels, (ii) peribronchial infiltrates, (iii) septal thickening and (iv) the magnitude of interstitial cellular inflammatory response. Based on this point system, the pulmonary histology was defined as normal (0 to 2-0) or mild (2.1 to 6.0) or moderate (6-1 to 10-0) or severe (10-1 to 12-0) pathology.
Immunoblot assay. The cellular antigens used for the assay were prepared in the following manner. Established
HEp-2 and Buffalo green monkey kidney cell (BGM) monolayers were maintained with MEM with 2~0 FCS and supplemented with antibiotics. The monolayers were washed extensively with PBS, harvested, sonicated and clarified at 10000g for 30 rain. The supernatant obtained was stored in aliquots at -20 °C. Lungs from cotton rats and BALB/c mice were processed after the animals had been sacrificed by CO 2 asphyxiation. The right ventricle as well as the bronchial tree were perfused with 20 ml of PBS. Lungs were minced and filtered over a wire screen. The cells were washed with PBS, sonicated and clarified. The aliquots were stored at -20 °C. Human buccal epithelial (HBE) cells collected by scraping the buccal epithelial lining were washed in PBS, sonicated and clarified. The supernatant was stored at -20 °C. All antigen preparations were used at a concentration of 50 ~tg/ml except for HBE which contained 15 gg/ml. Separation of proteins was performed on a 4~ stacking polyacrylamide gel in combination with a 12.5~ separating gel, using the Laemmli buffer system (Laemmli, 1970) . Electrophoresis was performed with 30 mA of constant current per gel in a vertical slab gel unit (SE 600, Hoefer Scientific Instruments, San Francisco, Ca., U.S.A.) and was stopped when the dye marker reached 2 cm from the bottom of the gel. Low Mr protein standards (Bio-Rad) were used in each run.
Electrophoretic transfer of proteins onto nitrocellulose membrane was done according to the method of Towbin et al. (1979) , using a TE52 Transphor cell (Hoefer Scientific Instruments; 100 V, 90 min).
Immunogenic determinants on the immunoblots were determined by an indirect technique of antige~antibody binding. In brief, the immunoblots were quenched with 3 ~ gelatin-Tris-buffered saline (GTBS) for l h at room temperature, washed three times with a 0-05~ Tween-20 Tris buffer (TTBS) and placed on a PR-200 Deca Probe unit (Hoefer Scientific Instruments). Mouse sera diluted 100-fold in 1 ~o GTBS were incubated for 2 h on the immunoblots. After three washes with TTBS, peroxidase-conjugated, affinity-purified goat anti-mouse IgG (BioRad) diluted 1/1000 with 1 ~o gelatin-TTBS was incubated for 1 h. The immunoblots were rinsed with TTBS followed by Tris-buffered saline. Colour was developed in the dark during 1 h incubation with 4-chloro-l-naphthol (Bio-Rad) and the reaction was stopped by the addition of cold distilled water. No colour development occurred with preimmune sera.
Statistical analysis. The unpaired Student's t-test was used to compare differences in virus concentration and pulmonary histopathology score for the different groups of mice.
RESULTS

Serum IgG antibody response
RSV-specific antibody was not detected in any of the preimmunization samples. The RSVspecific antibody activity, determined by ELISA, in animals immunized i.p. with RSV vaccine preparations is depicted in Fig. 1 . In the virus vaccine groups, the IgG-specific antibody response to RSV was most effectively induced in animals immunized with an adjuvantcontaining vaccine as compared to virus alone. The combination of both adjuvants, B. pertussis and AI(OH)3 , incorporated with RSV induced the highest IgG anti-RSV antibody titre. Significant antibody activity to RSV developed in mice immunized with RSV alone.
In contrast to the virus vaccine groups, only animals vaccinated with HEp-2 in the presence of" an adjuvent produced a significant level of HEp-2-specific IgG activity (Fig. 2) . The antibodyspecific response to tissue culture components appeared greater when mice received either B.
pertussis or B. pertussis and AI(OH)3 as adjuvants. Unexpectedly, HEp-2 preparations alone did not induce a detectable antibody response to tissue culture components.
Pulmonary virus replication
Quantification of virus from the lungs of animals challenged i.n. with RSV is presented in Table 1 . As noted, mock-immunized mice had a significantly higher level of virus shedding in the lung compared to animals immunized with a virus preparation. The virus-vaccinated animals, whether immunized in the presence or absence of an adjuvant, developed significant pulmonary protection against future infection with RSV. Unexpectedly, however, virus replication in the lung was significantly reduced in two of four groups of mice immunized with a virus-free HEp-2 vaccine (Table 1) .
Histopathology
Mock-immunized mice had normal pulmonary histology at 4 and 6 days after i.n. challenge with HEp-2 or RSV. Likewise, mice in the virus vaccine and virus-free vaccine groups sacrificed before i.n. challenge lacked pulmonary damage. On the other hand, animals immunized with a virus vaccine and subsequently challenged with tissue culture-grown RSV developed significant pulmonary histopathology, and the severity of the injury was associated with the use of adjuvants, as depicted in Table l. The pulmonary injury was characterized by a non-necrotizing perivasculitis, involving small to medium-sized vessels (Fig. 3) . The inflammatory reaction was composed of a mixed population of mononuclear and polymorphonuclear cells. At times, granulomatous-like lesions were noted surrounding vessels and in the interstitium. In addition to perivasculitis, septal thickening caused by a mixed population of inflammatory cells occurred. Unlike perivascular and interstitial inflammation, peribronchial infiltrates were uncommon and generally associated with infiltrates in neighbouring vessels that appeared to involve the peribronchial spaces.
Of particular interest was the finding that mice immunized with virus-free HEp-2 in combination with adjuvant(s) developed a similar and severe pulmonary injury on subsequent i.n. challenge with tissue culture-grown RSV (Table 1 ). The pulmonary lesions were indistinguishable between the three groups that received HEp-2 and adjuvant(s). Even more importantly, the severity of the inflammatory response and the type of pulmonary -1-3 + 0-8 * The difference in virus concentration and pulmonary histopathology scores was determined for statistical significance with the unpaired Student's t-test. The difference in RSV concentration for each study group was compared to the mock-immunized/RSV challenge control and the difference in pulmonary histopathology score for each study group was compared to the immunized/mock challenge control group. t P > 0-05. ~. P < 0.001. § e~<0-05.
histopathology was remarkably similar to those induced by the respective virus vaccine counterpart. In order to help discriminate the effect of virus from tissue culture components in the pathogenesis of pulmonary inflammation, groups of mice were immunized with virus-free vaccine preparations and were subsequently challenged i.n. with HEp-2 lysate. As seen in Table  1 , only animals that received an adjuvant-containing preparation developed significant perivascular and interstitial inflammation following i.n, exposure to HEp-2 lysate. The inflammatory response observed appeared less severe and focal compared to similar groups of immunized mice that were inoculated i.n. with infectious RSV.
Cross-reactive antibody activity
Sera obtained from mice vaccinated with virus vaccine or virus-flee vaccine preparations before i.n. challenge with RSV were tested for immunological reactivity to P-RSV, FCS, HEp-2, BGM, CR lung homogenate, BALB/c lung homogenate and HBE extract. Antibody-specific activity and cross-reactivity were observed among all the sera when tested by an immunoblot assay (Table 2) . Mice immunized with a live RSV preparation, regardless of the adjuvant used, reacted in a specific fashion to the majority of antigens tested. Antibody reactivity was observed to such preparations as CR and BALB/c lung homogenates and HBE cellular antigens. A similar pattern of reactivity was noted for mice primed with virus-free tissue culture preparations (Table 2) . Importantly, specific reactivity to the antigen preparations was not observed with sera from unprimed animals. However, it was noted that preimmune sera reacted non-specifically with BALB/c lung homogenate. In this case, specific antibody binding was suggested when additional bands of reactivity were observed. 
DISCUSSION
In this study, we observed a remarkably similar enhanced cellular inflammatory response in the lungs of mice vaccinated with RSV or a virus-free preparation following i.n. challenge with RSV. However, in the control group which consisted of mock-immunized mice challenged i.n. with RSV or immunized animals not infected i.n., pulmonary infiltrates were not observed. These results suggest that prior priming with non-viral proteins present in preparations of RSV grown in a continuous cell line may be important for the induction of pulmonary histopathology in mice. The above comment was strengthened by the observation that enhanced pulmonary pathology occurred in mice vaccinated with virus-free preparations and were subsequently challenged i.n. with HEp-2 lysate (Table 1) .
Factors other than cellular proteins, such as adjuvents in vaccine preparations, were associated with more extensive pulmonary histopathology in mice that received an adjuvantcontaining vaccine compared to those which did not receive an adjuvant. B. pertussis, one of the adjuvants used in our study, has been associated with pulmonary oedema, congestion and mononuclear infiltrates in mice up to 1 week after its administration (Lehrer et al., 1977; Torre et al., 1986) . In the present study, animals primed with an adjuvant-containing preparation exhibited no pulmonary pathology when sacrificed before i.n. challenge with RSV. Lung injury occurred only following i.n. inoculation with virus or HEp-2 lysate in previously vaccinated mice. These controls clearly demonstrated that adjuvants used in the vaccines were not responsible for the observed pulmonary histopathology. On the other hand adjuvants could augment the pulmonary inflammatory response on subsequent i.n. exposure to similar antigens by enhancing an immune response to parenterally administered antigens. Such a heightened immune response to non-viral components was evident in animals immunized with virus-free or virus-containing preparations (Table 2) .
In addition to the preparations used to immunize mice, the inoculum used for i.n. challenge appeared to play a role in the magnitude of the inflammatory response observed in lung tissue. Immunized mice that were challenged i.n. with an inoculum containing infectious virus appeared to develop more extensive lung infiltrates as compared to vaccinated mice that received an i.n. inoculum of HEp-2 lyate (Table 1) . This observation was made more apparent in mice that were immunized with a vaccine preparation free of an adjuvant. As demonstrated in Table 1 , virus-immunized mice (group D) challenged with RSV developed significant pulmonary histopathology as compared to mice immunized with a virus-free preparation (group D2) that were challenged with HEp-2 lysate. The exaggerated lung pathology observed with RSV as the inoculum may suggest that virus replication in the respiratory mucosa is another factor contributing to the expression of vaccine-induced disease. Conceivably, virus replication may contribute to this phenomenon by enhancing the uptake of concomitantly available antigen (viral proteins as well as cellular contaminants) during an acute infection Leibovitz et al., 1988) . Enhanced uptake of viral and tissue culture antigens in a sensitized animal could result in the formation of immune complexes and disease.
In each of four virus vaccine groups and two of four virus-free vaccine groups, we observed significant protection against virus replication in the lung (Table 1) . This finding does not appear to be related to the method of i.n. inoculation, since unprimed animals infected i.n. using a similar technique could be infected with RSV (Table 1 ) and the level of virus replication observed was comparable to that observed by other investigators who used the Long strain of RSV to infect BALB/c mice (Prince et al., 1979) . In addition, all animals that received either an adjuvant-containing or adjuvant-free vaccine experienced a similar level of protection against RSV infection. Thus, adjuvants did not appear to influence the course or outcome of virus infection following immunization. On the other hand, sensitization with non-viral components may have induced a significant inflammatory response that could have limited virus replication in the lungs on subsequent challenge. Alternatively, the production of HEp-2-specific antibodies could have prevented virus attachment to HEp-2 cells by blocking the putative cellular receptor(s) involved in virus-cell attachment. Such blocking antibody would thereby preclude viral replication and subsequent detection of the virus by the plaque assay employed here (Crowell et al., 1985) .
